Introduction
Self-assembled monolayers (SAMs) of alkanethiol on gold provide a means of controlling the chemistry and structure of organic surfaces on an angstrom scale. SAMs of thiols with terminal functional groups are exceptionally useful, because the property of the SAM-modified surface is governed by the properties of the terminal functional groups. By varying the terminal functional groups, it is possible to prepare monolayers with convenient surface models for examining solid-liquid interfacial properties. 1 Nuzzo et al. investigated interactions between water molecules and SAM surfaces by contact angle titration. 2 Engquist et al. employed D2O adsorption for mixedcomposition HS(CH2)15OH/HS(CH2)16CH3 SAMs with controlled wettability using temperature-programmed desorption (TPD) and infrared reflection-adsorption spectroscopy (IRAS). 3 They reported that the formation of hydrogen bonds between the surface and the adsorbate water determines the surface properties, which are responsible for the wetting transition.
The combination of hydrogen/deuterium (H/D) exchange and mass spectrometry is a well-established method to study reaction mechanisms for simple organic ions [4] [5] [6] and to identify intermediates in protein folding. [7] [8] [9] [10] [11] For example, laser-induced thermal desorption/Fourier-transform mass spectrometry has been applied to monitor the H/D exchange between ethylene and hydrogen (or deuterium) on Pt(111) surfaces. 12 Furthermore, H/D exchange kinetics has been used as a chemical probe for three-dimensional gaseous polypeptide ion structures. 6, 13 In the present study, a mixed-composition SAM of HS(CH2)11OH/HS(CH2)11CH3 was examined, in which OH and CH3 terminal surfaces provided hydrophilic and hydrophobic interfaces, respectively, and the mixed-composition OH/CH3-terminal surfaces controlled the wettability. The inner alkyl chains (CH2)n are considered to be an extended all-trans conformation, tilted about 30˚ from the normal to the surface, and quasi-crystalline. 1 Simulations have suggested that the terminal ends of the chains are more mobile than the inner alkyl chains. 14 This system is a convenient solid-liquid interface model for neighborhood interactions by thermal-desorption high-resolution mass spectrometry (TD-HRMS). 15 The hydrogen at the OH-terminal interfaces can exchange with deuterium in D2O, whereas hydrogen at the CH3-terminal interface cannot. This paper also reports on the observation of H/D exchange between hydrogen at the SAM surface and D2O deuterium.
Experimental
All experiments were performed using a JMS-SX102A doublefocusing reverse-geometry mass spectrometer (JEOL Tokyo, Japan). Electron ionization was performed at 70 eV ionizing voltage, an ion source temperature of 473 K, and an ion acceleration voltage of 10 kV. The temperature of the sample holder was raised from 303 K to 753 K according to a linearheating program (128 K/min). 1-Dodecanethiol was purchased from Tokyo Kasei Co. Ltd., 11-mercapto-1-undecanol was purchased from Aldrich, and gold cylinder (2 mmφ × 10 mm, 99.95%) tips were purchased from Soekawa Chemicals Co. Ltd. Reagents were used as received. SAMs were prepared by immersing the gold cylinder tips in a 10-mM ethanol solution of thiol for 3 h. After a modification, the samples were dried under a vacuum at 343 K to remove physisorbed molecules, and then thoroughly rinsed with ethanol.
H/D exchange experiments were performed at 313 K by immersion in D2O for 30 min. Two ideas for characterizing the local structure in mixed self-assembled monolayers (SAMs) were introduced. First, to use thermal desorption mass spectrometry (TD-MS) to probe nearest neighborhoods in the mixed monolayers. Second, to use hydrogen/deuterium exchange as a probe of the accessibility of acidic protons to exchange. Neighborhood interactions provided an opportunity to observe microscopic phase changes at the SAMs surface as a function of the OHterminal ratio. H/D exchange between surficial OH-terminal SAMs and D2O was successfully observed. H/D exchange was of importance in characterizing the surface properties and molecular basis interactions for the design of bio-interface structures using self-assembled monolayers. 
Results and Discussion

Characterization of OH/CH3-terminal mixed SAM adsorption state of thiols on gold
The mixed-component SAM was characterized by TD-MS, and the molecular formulas of the observed ions were assigned by high-resolution mass spectrometry. The mass spectra are shown in Fig. 1 
Neighborhood interaction
As shown in Fig. 1f , the formation of symmetric and asymmetric dimers was observed in the mixed OH/CH3-terminal SAMs.
The dimerization mechanism of the alkanethiols on gold has been reported in previous work by the present author 15 and by others. 1 From a discussion of the nature of the gold-sulfur bond, Schlenoff 16 adopted the view that the alkanethiols chemisorb from solution onto the surface of gold, as in Eq. (1) and that the dimerization reaction scheme of alkanethiols on the gold surface during the desorption process proceeds as described by Eq. (2). The energy required to break two S-Au bonds 167.2 kJ mol -1 is gained back by the formation of the disulfied bond S-S 309.3 kJ mol -1 . The symmetric and asymmetric dimers were observed in the mass spectra because of favorable energetics:
2RSH + Au(0)2n → 2RS-Au(I)2Au(0)n-2 + H2 (chemisorption), (1) 2RS-Au(I)2Au(0)n-2 → RS-SR + Au(0)2n (desorption). (2) The observation of such asymmetric dimers indicates the existence of a region in which two kinds of molecular species are located in close proximity with an intermolecular S-S bond formed between the nearest-neighbor molecules. The ratios of the integrated intensity of asymmetric dimers to the sum of the integrated intensities of symmetric dimers, referred to as (CH3 + OH)/[(CH3 + CH3) + (OH + OH)], were measured as the mole fraction of OH-terminal molecules in solution, and are shown in Fig. 2 . These values can be considered to reflect nearestneighbor interactions in mixed SAMs. The ratio (CH3 + OH)/[(CH3 + CH3) + (OH + OH)] may be an indicator of the two-dimensional local structure of mixed SAMs. Figure 2 reveals three major phases, changing at OH-terminal concentrations of 0.3 and 0.8. In the first phase at a low OHterminal concentration (0.0 -0.3), OH-terminal groups are distributed among CH3-terminal groups and the number of asymmetric neighbors increases. In the second phase at moderate OH-terminal concentration (0.3 -0.8), the asymmetric neighbor ratio does not increase under the quasi-equilibrium state of random mixing. In the third phase at high OH-terminal concentration (0.8 -1.0), the quasi-equilibrium state breaks and the OH-terminal groups become distributed over the entire surface. These major phase changes may affect the microscopic surface properties, such as the acidity of protons or the surface free energy, and may result in a wetting transition. Wetting transitions driven by the OH-terminal concentration were observed in Olblis' study of mixed SAMs containing varying proportions of hydrophobic (CH3) and hydrophilic (OH) components. 17 Semal also reported a wetting transition phenomenon when the degree of surface hydroxylation was about 70%, described as a shift from the partial-wetting regime to the complete wetting regime. 18 Ulman proved this concentration-driven surface transition in the wetting of mixed alkanethiol monolayers on gold by a Monte-Carlo simulation and mean-field calculations on a simplified lattice-gas model. 19 For random mixing, the fraction of asymmetric dimer was mathematically as follows: 
H/D exchange between OH-terminal SAM and D2O
In the complete wetting regime, liquid molecules D2O interact the surface with the OH-terminal interface. H/D exchange between OH-terminal SAMs on gold and D2O was monitored by mass spectrometry. Typical mass spectra obtained before and after H/D exchange are shown in Fig. 3 . After H/D exchange, OD-terminal molecules appeared at (OD + OH), (OD + OD) and (CH3 + OD) of the symmetric and asymmetric dimers, respectively. The figure clearly shows the existence of molecular base interactions between the OH-terminal SAM surface and D2O. A non-exchange of up to half of the OHterminal protons was also observed in the spectrum. Though it requires further investigation for quantitative analysis, by using the gold cylinder tips, some of the hydroxyls might be buried within the monolayer, by analogy with exchange in a hydrophobic pocket in a protein.
In conclusion, observations of hydrogen/deuterium exchange between SAM surfaces and D2O were performed, and neighborhood interactions allowed a microscopic phase change at the SAM surface. These findings are of importance in characterizing the surface properties and molecular basis interactions for the design of bio-interface structures using selfassembled monolayers. ANALYTICAL SCIENCES AUGUST 2004, VOL. 20 
